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Abstract: This study evaluates the use of cocoa peel as a corrosion inhibitor for reinforced concrete in a saline
medium. The linear polarization and electrochemical impedance spectroscopy (EIS) were used to evaluate the
inhibition capacity of cocoa shell powder, infrared spectroscopy was performed to characterize the functional
groups of the inhibitor, and the compression resistance test to evaluatethe inhibitor effect on mechanical
properties. The presence of functional groups with oxygen, nitrogen, and double bonds was observed in the
spectrum of cocoa shell powder. The addition of 0.75% corrosion inhibitor in concrete showed the highest
impedance corrosion resistancewhen tested at a concentration of 2.5 wt.% NaCl.
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1. Introduction

Research worldwide on the prevention of corrosion and maintenance of concrete structures, their
durability, and structural stability are gaining more and more attention by researchers due to pathological
manifestations presented in many civil constructions for the predominant action of chlorides and carbon
dioxide® . There is a growing interest in researching new techniques and new products that aim to solve
pathological problems that may occur in structural elements “.

According to Singh et al.’, inhibitors, in general, enable the minimization of corrosion in metals through
the adsorption process of ions and molecules on the metal surface, acting as a protective layer, generating a
reduction in the reactions between the corrosive environment and the material to be protected. Most of the
inhibitors available on the market have great added value, are toxic, and can offer environmental risks due to
inappropriatedisposal and risk to human health through the incorrect handling of the product®. The main
corrosion inhibitors are based on sodium nitrites, calcium nitrites, molybdate, tungstate, and chromate. Many of
them were not only studied for their inhibitory properties, but also for environmental risks in use and disposal,
due to their toxic nature®.

Literature reports the use of environmentally friendly corrosion inhibitor in reinforced concrete structures
such as a nucleic acid buffer as a deoxyribonucleic acid (DNA) corrosion inhibitor . The use of plant
residues as organic corrosion inhibitors brings greater safety in their use, as they are non-toxic, have low cost,
and provide the sustainable use of solid waste from industry***® Anitha et al. evaluated Rosa damascena leaves
as a green corrosion inhibitor on reinforced steel rebar '*. Harb et al. studied olive leaf extract as a green
corrosion inhibitor of reinforced concrete contaminated with seawaterand the best inhibition of 91.9% was
provided with methanol extract"’.

The cacao tree is a plant of great economic and, mainly, cultural relevance for the southern region of
Bahia, today considered one of the largest cocoa producers in Brazil. The cocoa shell can be applied in the
production of biofertilizer, biogas, microbial enzymes with biotechnological segments, in animal feed, in the
manufacture of concentrated potassium extract, cellulose, and energy generation. Chemical analyzes of cocoa
shelldried at 70°C have revealed element contents that correspond to 1.20% of N; 1.10% P; 3.88% K; 0.52% Ca
and 0.36% Mg by weight **?°. Organic compounds containing heteroatoms with a high electronic density such
as phosphorus, nitrogen, sulfur, oxygen, with double or triple bonds in their structures are effective corrosion
inhibitors due to their high tendency to adsorption on metal surfaces??.

The study of the use of materials of natural origin and agro-industrial residues as reinforcement corrosion
inhibitors contributes to the reduction of the volume of solid residues generated, and to the mitigation of
reinforcement corrosion, increasing the useful life of the structures and reducing the consumption of energy and
natural resources. In this way, this research aims to evaluate the behavior of a natural inhibitor from the cocoa
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fruit shellin the process of corrosion of the reinforcement used in reinforced concrete in conditions that simulate
the aggressiveness of marine areas.

2. Materials and methods

2.1. Materials

The concrete made for the molding of the sampleswas composed of CPIIl 40 cement, fine sand, and
gravel number 0. This type of cement contains an addition of 35 wt.% to 70wt.% of slag in its composition,
which gives it greater impermeability and durability, resistance to sulphates, and expansion in addition to low
heat of hydration. Hot-rolled CA-50 steel bars with a yield limit of 500 MPa were used. The steel contains 0.08
wt.% carbon, 0.54 wt.% manganese, 6.3 mm in diameter, with an exposed height of 30 mm and an area
corresponding to 5.94 cm? insulated with adhesive tape to maintain contact with the concrete only in the desired
area (Fig. 1).

-

(b) () (d)

Figure 1: 6.3 mm steel bar with exposed area of 30 mm (a), exposed area of 5.94 cm?(b), PVC form 75 x 100
mm (c) and metallic form 100 x 200 mm (d)

The samplesfor corrosion tests were molded in shapes made in a 75 mm diameter PVC pipe with a height
of 100 mm (Fig. 1 c¢). For the compressive strength tests, metallic shapes with a standard diameter were used,
according to the ABNT NBR 5738 standard, with a diameter of 100 mm and a height of 200 mm (Fig. 1 d). As
additives, BASF's MasterGlenium SCC 160 hyperplasticizer and cocoa fruit peel powder were used. The cocoa
shellused was obtained from farms in the southern Bahia, Brazil.

The cocoa shellwas initially washed withwater and taken to the oven at 70 °C for 48 h. After dehydrating
the shells, they were crushed in a knife mill to reduce theirsize and, soon afterwards, in a bench knife mill, to
obtain smaller particles. To control the size of the grains, a sieve shaker with the number 20, 24, 48 and 115
sieve arrangement was used. The powder with a granulometry greater than the 115-mesh sieve was selected.

The Fourier Transform infrared analysis was used to identify the most relevant functional groups in
cocoa shell powder, using a Thermo Scientific Nicolet spectrophotometer, model iS10 by ATR (Attenuated
Total Reflectance), in the range of 4000 cm™ to 650 cm™ and a resolution of 4 cm™.

Eighteen cylindrical samplesof 100 mm (diameter) x 200 mm (height) were produced to perform the
compressive strength test and 18 cylindrical specimens of 75 mm (diameter) x 100 mm (height) for
electrochemical tests. The base line to produce the concrete specimens was calculated considering the addition
of superplasticizer in a concentration of 0.2 wt.% of the cement and reducing the water consumption to 80%,
adding the excess of water (20%) as needed to adjust the workability, not exceeding the water-cement factor
dimensioned in the base mix.

The base line (T) used was in parts of cement, sand, and gravel, respectively (1.00: 1.30: 2.77) to meet
the resistance of 30 MPa, water / cement factor of 0.45, both stipulated in the minimum parameters by the
Brazilian standard ABNT NBR 6118 for marine environments classified as grade I11. The addition of corrosion
inhibitor in the traces was in the proportions of 0 wt.% (T1), 0.75 wt.% (T2) and 1.5 wt.% (T3) in relation to the
cement mass, according to Tables 1 and 2. All specimens were made in 3 stages each. Six specimens were
molded per line for the blank and for each concentration of addition of inhibitor, calculated on the percentage of
the cement mass added in each line, both deformed with 48 h of concreting. The dry and wet cocoa powder
samples were analyzed using the Labomed CZM®6 optical microscope. The software used to acquire the
microscope images was the Pixel Pro.
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Table 1: Material consumption of samples for compression test

Base line - T1 Base line - T2 Base line - T3
Cement 4.49 kg Cement 4.49 kg Cement 4.49 kg
Water 1.83 kg Water 1.90 kg Water 2.02 kg
Sand 5.85 kg Sand 5.85 kg Sand 5.85 kg
Gravel 12.44 kg Gravel 12.44 kg Gravel 12.44 kg
Additive 8.98¢ Additive 8.98 ¢ Additive 8.98 ¢
Inhibitor 0.00¢ Inhibitor 33.69¢g Inhibitor 67.39 g
wi/c 0.41 wi/c 0.42 wi/c 0.45
Table 2: Material consumption of samples for electrochemical tests
Base line - T1 Base line - T2 Base line - T3
Cement 1.26 kg Cement 1.26 kg Cement 1.26 kg
Water 0.52 kg Water 0.53 kg Water 0.57 kg
Sand 1.64 kg Sand 1.64 kg Sand 1.64 kg
Gravel 3.50 kg Gravel 3.50 kg Gravel 3.50 kg
Additive 2.53¢ Additive 253¢g Additive 2.53¢g
Inhibitor 0.00g Inhibitor 9.48¢g Inhibitor 195¢g
wi/c 0.41 wi/c 0.42 wi/c 0.45

2.2. Mechanical Tests

The specimens for the compression test were stored in water containers for submerged curing for 28
days. After curing, the cylindrical specimens were rectified for regularization and taken to the press for rupture.
The machine used to perform the compression tests was an EMIC PC200C class 1 press, according to the NM
ISO 7500-1 standard, with an electronic module and a capacity of 2000 kN. The cylindrical specimens were
subjected to a rupture load with a continuous loading speed of 0.45 MPa /s. Each test was performed with five
replicates.

2.3. Electrochemical Tests

The electrochemical measurements were obtained using a MetrohmAutolabPotentiostat / Galvanostat,
model PGSTAT302N with NOVA 1.11 software, connected to a computer, and for data treatment, Microcal
Origin 8.0 was used. For the proposed measures, an electrochemical cell was made using a stainless-steel
container and a styrofoam lid with openings in symmetrical positions for the reference electrode fitting as shown
in Fig. 2. An Ag | AgCl | KClsat reference electrode was used, a stainless-steel container as a counter electrode
with a contact area of approximately 410 cm?, and the carbon steel sample as a working electrode with an
exposed area of 5.94 cm2. As an electrolyte, an aqueous solution was used, varying the NaCl concentration. The
chemical compositions of solutions used are shown in Table 3. The pH of solutions at 25°C is 4.20 and the
conductivity is 175.8 uS/cm.

(a) (b) (c) (d)
Figure 2: Electrochemical cell
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Table 3: Chemical composition of electrolytes

Chemical Blank 2.5 wt.% NaCl 5.0 wt.% NacCl
species (mg/L) (mg/L) (mg/L)
Na* 2.04x10! 2.50x10* 5.00x10"
Mg 3.44 3.44 3.44
K* 9.81x10* 9.81x10* 9.81x10*"
ca® 6.25x10" 6.25x10" 6.25x10™"
cr 3.25 x10* 2.50x10* 5.00x10*
NOy 1.76x10" 1.76x10" 1.76x10"
S0,” 2.32 2.32 2.32
Br 1.10x10* 1.10x10* 1.10x10"
Ba** 6.10x1072 6.10x1072 6.10x1072

First, all samples were immersed in the electrolyte for 24 h before the test, the open circuit potential was
measured for 90 minutes, until stabilization.The electrochemical impedance spectroscopy (EIS) measurements
were performed, using a frequency range of 100 kHz to 10 mHz with 10 points / decade and a potential
amplitude of 50 mV (rms). Subsequently, the linear polarization resistancewas performed with the potential
perturbation values of + 20 mV concerning the corrosion potential, withscan rate of 0.167 mV. s™.With the aid
ofMicrocal Origin 8.0 the linear adjustment of the curves was performed, and the values of polarization
resistance were obtained through the angular coefficients of the straight lines in potential versus current graphs.

3. Results and discussion

3.1. Characterization of cocoa shell powder

The cocoa shell powder infrared spectrum is shownin Fig. 3. Barreto et al. *observed, in the cocoa shell
extract, bands similar to those of absorption in 3265 cm™ and a band in 1515 cm™, which can be attributed to the
axial deformation of OH and may be associated with NH bonds from theobromine and caffeine from the residue
of the cacao fruit *°. The 1515 cm™ band is also associated with the elongation of lignin in a C=C conjugated
ring ®. The bands in the 2928 cm™ region can be observed. Pua et al. * found peaks close to these, relating them
to the elongation of the C — H bond of cellulose and hemicellulose.
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Figure 3: FTIR spectrum of cocoa shell powder

In the spectrum, a peak in the region of 1604 cm™ and 1238 cm™ can also be observed, which may be
associated with double bonds between carbons and bonds between carbon and nitrogen, associating it to the
presence of lignin and hemicellulose in this residue®?. In addition, the presence of C = C bonds can also be
attributed to aromatic compounds from the flavonoids of the cocoa shell %.In general, the presence of functional
groups with oxygen, nitrogen, and double bonds (C-O, O-H, N-H, C-N, C = O and C = C) was observed in the
spectrum of cocoa shell powder.Literature® reports that the functional groups such as carboxyl and hydroxil
helps the adsorption of inhibitor on the metallic surface.
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Figure 4 represents the images of the dry and wet cocoa shell powder, respectively. It is noted that, in the
presence of moisture, the powder of the cocoa shell showed an apparent cohesion and consistency like gelatin.
The properties shown may be associated with the presence of lignin, since it is present in some additives in the
form of lignosulfonate that promote better workability and delay the start of the chemical reactions of
crystallization of the cement (handle) °%,

Figure 4: Optical micrographs of cocoa shell powder dried (a,c) and wet (b,d)

3.2. Electrochemical tests

The corrosion resistance of the steel reinforcement of the concrete in saline solution was evaluated,
simulating the aggressiveness of maritime regions, in the absence and presence of different concentrations of the
cocoa shell powder. The samples that used corrosion inhibitor had more positive potentials (Table 4) when
compared with the samples without addition of inhibitor, highlighting the sample with 0.75% inhibitor with
measured open circuit potential (OCP) of -0.254 V, presenting an increase of the potential of 55% corrosion
when tested in the electrolyte with 5.0 wt.% NaCl concentration.Through the classification of ASTM C876-15,
the sample corresponds to an uncertain probability of corrosion.

Table 4 — Open circuit potential of samples (MV agaqcl)

0 wt.% 0.75wt.% 1.50wt.%

cocoapowder cocoapowder cocoapowder

0 wt.% NaCl -497 -321 -411
2.5wt.% NaCl -624 -499 -526
5.0 wt.% NaCl -570 -254 -528

The electrochemical phenomena that occur at low frequencies (ImHz to 10Hz) correspond to the
interface metal/electrolyte activity, therefore, they are associated with the phenomenon of corrosion. The
phenomena that occur at medium frequencies (100Hz to 1MHz) correspond to the concreteresponse[29]. Hoshi
et al. [30] and Lau and Sagiiés [31] fixed the frequency of 1 Hz to evaluatethe impedance, considering the
resistivity of the concrete. The data observed for impedance, in this work, were limited to the region of low
frequencies (10 mHz) corresponding to electrochemical response of the steel.

Analyzing the Bode diagram of impedance modulus, shown in Fig. 5, it is easier to differentiate the high,
medium, and low frequency regions. Since the low frequency region allows the study of the corrosion reaction
at the interface between metal and concrete, the higher frequency region is associated with the electrolyte. For
the electrolytewithout chlorides, in the region of higher frequencies, the highest impedance is observed for
concretes without the addition of inhibitor. However, from approximately 1 Hz, the impedance of the reinforced
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concrete with addition of 0.75 wt.% of cocoa shell powder increases sharply and becomes much higher than the
values of the other samples. For media with chlorides, the impedance of the reinforced concrete with 0.75 wt.%
of inhibitor was the highest among the samples with 1.5 wt.% inhibitor and no inhibitor for the entire frequency
range. And this difference is more pronounced for the medium with 2.5 wt.% chlorides.Thus, through the
evaluation of the Bode diagram of the impedance module, the low frequency region was observed to make a
comparison of the impedance module of the tested specimens (Table 5).
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Figure5: Bode diagram of the logarithm of the impedance modulus of the reinforced concrete in a solution
without chlorides (a) in 2.5 wt.% NaCl (b) and in saline solution of 5.0 wt.% NaCl (c)

Table 4 — Impedance modulus of samples (Q.cm?)

0 wt.% 0.75wt% 1.50 wt.%

cocoapowder cocoapowder cocoapowder
0 wt.% NaCl 21553 32495 20050
2.5 wt.% NaCl 11878 21794 14273
5.0 wt.% NaCl 17792 24279 15821

For all samples, the steel impedance modulus was lower in solutions containing chlorides when
compared to the control group, as shown in Table 4. The best results were obtained for the samples with the
addition of 0.75% corrosion inhibitor that increased 83% of the impedance module when tested at a
concentration of 2.5 wt.% NaCl, where the highest values of the recorded impedance module were obtained.

The results of linear polarization are shown in Fig. 6The addition of 0.75 wt.% of cocoa powder had a
positive effect on the corrosion resistance of the reinforcement, increasing the value of the polarization
resistance in the solution with 2.5% NaCl, as shown in Table 6. The polarization resistance results obtained
using LPR agree with the EIS results. In medium with 2.5 wt.% of chlorides the concrete with 0.75 wt.%
addition of cocoa shell powder showed a higher corrosion resistance than the concrete without inhibitor and the
concrete with a higher content of inhibitor. The concrete with 1.5 wt. % of inhibitor seemed to exceed the
optimal inhibitor concentration for electrolytes containing 5 wt.% of NaCl.
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Figure 6: Linear polarization results

Table 5 — Polarization resistance of samples (Q.cm?)

0 wt.% 0.75 wt.% 1.50 wt.%
cocoapowder cocoapowder cocoapowder
0 wt.% NaCl 12977 8393 11752
2.5 wt.% NaCl 10549 12042 10181
5.0 wt.% NaCl 9725 8053 7802

3.3. Mechanical test

After 28 days of concreting, the specimens were removed from the curing tanks, rectified, and taken to
the press for rupture, Figure 7shows the results of the average compressive strength at 28 days.According to
Trevisol et al. **, when studying commercial inhibitors in reinforced concrete structures, it was concluded that
there was no significant difference in the compressive strength of concrete. Still in this context, Das and
Pradhan®® studied the corrosion behavior of steel in reinforced concrete in solutions of chloride salts using
commercial inhibitors, when evaluating the compressive strength, observed that there is a decrease in strength
with the addition of the inhibitors.

The data obtained after the rupture of the specimens, dimensioned to 30 MPa, presented values higher
than that predicted in the literature. Both samples with the addition of inhibitor showed a higher consumption of
water in the mixture without negatively altering the compressive strength of the concrete.The addition of 0.75%
of cocoa shell powder as a corrosion inhibitor provided the samples with the highest average compressive
strength (47.26 MPa). It is worth mentioning that the samples with the addition of 0.75% inhibitor also
presented the lowest standard deviation value of the measurements, which is related to greater uniformity in the
concrete produced. In general, the addition of the natural corrosion inhibitor to the concrete did not have
negative effects on its compressive strength. Thus, justifying the viability of using this residue without offering
risks regarding the strength of the concrete.
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4. Conclusions

The chemical characterization of cocoa shell powder confirmed the presence of functional groups,
chemical bonds associated with elements such as theobromine, lignin, and hemicellulose, which are already
recognized in the literature as corrosion inhibitors for various types of steels.

All the samples that used corrosion inhibitor had more positive potentials when compared with the
samples without the inhibitor addition, highlighting the sample with 0.75% inhibitor with measured OCP of -
0.254 V agiage Presenting an increase of the potential of 55% corrosion when tested on the electrolyte with 5.0
wt.% NaCl concentration. The best EIS and linear polarization results were obtained for the samples with the
addition of 0.75% corrosion inhibitor that showed the highest impedance modulus and polarization resistance
when tested at a concentration of 2.5 wt.% NaCl.

There was an increase of approximately 5% in the compressive strength of concrete with the addition of
0.75% inhibitor when compared to white, in addition to presenting the lowest standard deviation for all
concentrations tested, associated with greater uniformity of concrete. It is worth mentioning that for all
concentrations of inhibitor used, there was an increase in resistance to compression when compared to the
reference, even though there was a higher consumption of water to perform the trace.
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Figure Captions

Figure 1: 6.3 mm steel bar with exposed area of 30 mm (a), exposed area of 5.94 cm(b), PVC form 75 x 100
mm (c) and metallic form 100 x 200 mm (d)

Figure 2: Electrochemical cell

Figure3: FTIR spectrum of cocoa shell powder

Figure 4: Optical micrographs of cocoa shell powder dried (a,c) and wet (b,d)

Figure5: Bode diagram of the logarithm of the impedance modulus of the reinforced concrete in a solution
without chlorides (a) in 2.5 wt.% NaCl (b) and in saline solution of 5.0 wt.% NaCl (c)

Figure 6: Linear polarization results

Figure 7: Compressive strength at 28 days
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